Percutaneous biopsy serves as an important diagnostic modality for the evaluation and management of selected renal masses. 1, 2 Many renal mass biopsies are now performed using fine (19 gauge or thinner) needles. 2 Fine needles are generally considered safer than larger needles and a diagnosis can be made based on cytomorphology, especially in patients who are not candidates for a nephrectomy. In a patient with a renal mass undergoing cryoablation, radiofrequency ablation, or ethanol injection, fine-needle aspiration (FNA) may be the only opportunity to gain diagnostic insight into the nature of the renal mass. 3 Furthermore, a benign diagnosis (eg, angiomyolipoma) can result in the avoidance of unnecessary surgery. In patients who are poor surgical candidates (eg, those with a solitary kidney, a history of a prior nephrectomy, and a comorbid condition), recognition of a good-prognosis subtype of renal cell carcinoma (RCC; eg, papillary or chromophobe) can help guide conservative therapy such as partial nephrectomy or ablation. Thus, it is important to diagnose renal masses on FNA as accurately as possible.
The accuracy of FNA alone in distinguishing benign from malignant renal masses ranges from 73% to 94%. 4 When renal cell carcinoma (RCC) is diagnosed, accurate subclassification is achieved in 74% of cases. 5 In some cases, accurate diagnosis and assignment of the RCC subtype can be difficult; thus, adjuncts to routine cytomorphologic evaluation of renal FNA specimens have been a topic of active investigation. Renal tumors are frequently associated with clonal cytogenetic abnormalities; thus, conventional cytogenetic and FISH analyses could serve a crucial role in the diagnosis and subclassification of renal neoplasms, especially RCC. 6 Specifically, the clear cell, papillary, and chromophobe variants of RCC are associated with 3p deletions, a combination of trisomies, and a combination of monosomies, respectively. Many studies that have investigated cytogenetic abnormalities in renal tumors evaluated tissue obtained from nephrectomy specimens. In contrast, there are only a limited number of case reports and no series to date in the literature that addresses the application of cytogenetics to renal FNAs. The aim of this report is to summarize our experience in the application of karyotypic and FISH analyses to FNAs of renal masses.
MATERIALS AND METHODS
After approval by the institutional review board, a search of medical records for all percutaneous renal FNA procedures performed at Brigham and Women's Hospital from 2005 through 2008 was conducted. A total of 303 FNAs were performed during this time period; cytologic specimens were obtained using fine (20-gauge, 23-gauge, and/ or 25-gauge) needles by a radiologist using imaging guidance. Aspirated material was smeared onto glass slides. Some smears were allowed to air dry and were stained with the Hemacolor stain (Harleco, EM Science, Gibbstown, NJ). The remaining smears were fixed by direct immersion in 95% ethanol or by spray-fixation with a commercial isopropanol-based solution (Protocol Cytologic Fixative; Fisher Scientific, Kalamazoo, Mich), followed by staining with a modified Papanicolaou staining procedure. The rapid evaluation of adequacy was performed using the Hemacolor-stained smears, and 1 to 2 additional passes dedicated to the needle rinse were recommended when this was judged potentially useful, especially in cases where cytogenetics studies might have added value. The fine needles were rinsed in RPMI media and the needle-rinse specimen was apportioned for cytogenetics and/or preparation of cell blocks. For the latter, the rinse was centrifuged at 1800 rpm for 10 minutes, the pellet congealed with several drops each of plasma and thrombin, and the resulting clot fixed in formalin and embedded in paraffin for sectioning and staining with hematoxylin and eosin. Cytology results were reported as ''nondiagnostic'' (ie, insufficient or unsatisfactory for evaluation), ''negative for malignancy,'' ''atypical'' (suggesting a low probability of malignancy), ''suspicious for malignancy'' (suggesting a high suspicion of malignancy), ''neoplastic cells present,'' or ''positive for malignant cells.'' These primary diagnostic categories were supplemented by specific diagnoses when possible (eg, angiomyolipoma, oncocytoma, and papillary RCC).
For cases in which a portion of the FNA had been allocated for concurrent cytogenetic analysis during an onsite adequacy assessment, the results of the conventional cytogenetic and/or FISH analysis were correlated with the cytologic interpretations and were not performed in an independent, blinded fashion. Rather, the results of cytogenetic/FISH testing were used to inform the final cytologic interpretation whenever possible. Fifty nuclei with discrete FISH signals were analyzed using a 3-color centromeric probe set, according to the manufacturer's instructions (Abbott Molecular, Des Plaines, Ill). The probe set included: D1Z1 (chromosome 1 alpha satellite DNA); D7Z1 (chromosome 7 alpha satellite DNA), and D17Z1 (chromosome 17 alpha satellite DNA). These probes were labeled with Spectrum Orange, Spectrum Aqua, or Spectrum Green, respectively, and were cohybridized. Although these centromeric probes are not specifically designed to classify renal tumors, the combinatorial use of these 3 probes allows for papillary RCC to be distinguished from chromophobe RCC. The rationale for selecting this specific combination of probes is because of several factors. First, because of the limited availability of fluorochromes, a maximum of 3 differentially labeled DNA probes can be cohybridized. Second, the copy number of these 3 chromosomes varies in specific ways between papillary and chromophobe RCCs. Papillary RCC is most frequently associated with disomy 1, trisomy/tetrasomy 7, and trisomy 17. 8 In contrast, chromophobe RCC typically shows monosomy 1, disomy 7, and monosomy 17. Accordingly, observing 2 signals for chromosome 1 and 2 signals for chromosome 7 in individual nuclei from tumor cells serves as an internal control for papillary and chromophobe RCC, respectively. Hence, the use of the same 3 constituent probes can be applied to both subtypes of tumors in a diagnostic setting.
To establish technical cutoffs, these 3 probes were hybridized to nuclei obtained from clear cell RCCs with 3p-demonstrated cytogenetically. As such, the clear cell RCC specimens were used to establish a cutoff for hybridization of this particular probe cocktail. The normal range for the chromophobe-specific and papillary-specific patterns of hybridization was from 0%-2% and 0%-4%, respectively. However, in chromophobe RCC, it is important to be aware that endoreduplication of chromosomes 1 and 17 in a population originally monosomic for both chromosomes will be result in disomy for each. This concomitant finding has also been described cytogenetically. 6 Finally, the presence of a t(X;18)(p11;q11) translocation, a cytogenetic hallmark for synovial sarcoma, was evaluated using the Vysis LSI SS18 Dual Color Break Apart Rearrangement probes, according to the manufacturer's instructions (Abbott Molecular, Des Plaines, Ill).
RESULTS
Of the 303 renal FNA specimens analyzed, aspirates with cytologic interpretations of ''nondiagnostic'' and ''atypical'' were excluded as these were often acellular or paucicellular specimens, leaving 198 FNA cases subject to analysis in this study (Table 1 ). In 131 (66%) of 198, a final interpretation of ''positive for malignant cells'' was made. Of these, 121 were RCCs and 50, 36, and 9 of them were subclassified as clear cell, papillary, and chromophobe subtypes, respectively. Of the remaining 10 malignant cases, 7 cases were diagnosed as transitional cell carcinoma, 1 as metastatic squamous cell carcinoma, 1 as poorly differentiated carcinoma, and 1 as synovial sarcoma. A final interpretation of ''suspicious for malignancy'' was rendered in 27 (14%) of 198 cases, all of which were suspicious for RCC. An interpretation of ''neoplastic cells present'' was made in 10 (5%) of 198 cases. In these 10 cases, the diagnosis of ''oncocytic neoplasm'' was rendered and it was not possible to precisely classify the neoplasm as an oncocytoma, chromophobe RCC, or other oncocytic neoplasm because of insufficient material for ancillary studies. Finally, the interpretation, ''negative for malignancy,'' was made in 30 (15%) cases: 19 were diagnosed as oncocytoma; 9 as angiomyolipoma; and 2 as metanephric adenoma. During the on-site assessment, a portion of the needle rinse was allocated for cytogenetic analysis in 74 (37%) of the 198 cases. Conventional cytogenetics and/or FISH analysis were successful in 44 (59%) cases (Table 2) .
A GTG-banded karyotype was obtained in 30 cases; chromosome aberrations that correlated with specific RCC subtypes were observed in 20 of these. Up to 20 metaphases (range, [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] were analyzed and diagnostic karyotypic abnormalities were seen in at least 3 metaphases analyzed (range, 3-15) for each case. Normal or nonspecific karyotypes were seen in the other 10 cases. Although karyotypes could not be obtained in 44 cases, interphase FISH analysis was performed in 14 of these cases and chromosomal abnormalities were detected in 7 of them. Fifty nuclei were counted in these cases and the diagnostic abnormalities were seen in 4 (8%) to 46 (92%) of 50 nuclei.
Specific, abnormal karyotypic or FISH results were seen in 27 cases (Table 3 ). In 26 of these 27 cases, the results of the cytogenetic analysis were concordant with the cytomorphologic impression of the renal tumor. Specifically, in 2 cases of clear cell RCC, karyotype analysis revealed a deletion of 3p/-3, the cytogenetic hallmark of clear cell RCC (Fig. 1) . Trisomy 3, associated with clear cell RCC, 9 was observed in 1 case of clear cell RCC. A combination of trisomies including those of chromosomes 7 and 17 was observed in 17 cases of papillary RCC (Fig. 2) . The presence of trisomy/tetrasomy 7 and trisomy 17 was demonstrated by FISH analysis in 5 additional cases (Fig. 3) . In 1 case, FISH analysis revealed the presence of a rearrangement involving 18q11.2 indicative of a primary renal synovial sarcoma (Fig. 4) . Evaluation of the subsequent nephrectomy specimen confirmed a monophasic synovial sarcoma. Among the 27 cases exhibiting specific, abnormal cytogenetic profiles, there was 1 case of RCC in which the tumor exhibited papillary architecture and comprised cells with oncocytic cytoplasm (Fig. 5) . Because a karyotype could not be obtained, subsequent FISH was performed and revealed monosomies 1 and 17 and 2 copies of chromosome 7 raising the possibility of a chromophobe RCC (Fig.  5) . A partial nephrectomy was subsequently performed and the histopathologic diagnosis was papillary RCC of low Fuhrman nuclear grade. Histologically, the tumor was composed of oncocytic cells lining delicate papillae. Focally, there were areas in which the papillary cores were filled with foamy macrophages (Fig. 5) . A Hale colloidal iron stain, performed retrospectively on the cell block, was negative (not shown), supporting the diagnosis.
DISCUSSION
Percutaneous biopsy is the only nonsurgical opportunity to obtain a tissue diagnosis of renal masses. Because renal masses are often biopsied with fine needles alone, rendering an accurate cytologic diagnosis is crucial and can provide important diagnostic information as to the benign or malignant nature of the lesion. Furthermore, subtyping malignant tumors can give insight into prognosis; for example, chromophobe and papillary RCCs have been associated with a better prognosis than other subtypes of RCCs. [10] [11] [12] [13] [14] Although some renal tumors can be accurately subclassified based on morphologic grounds alone, others can exhibit ambiguous morphologic features rendering subtyping difficult, especially in small biopsies. Therefore, the application of ancillary techniques such as immunohistochemistry and cytogenetics to the subclassification of renal tumors has been a topic of active investigation. Immunohistochemistry using a panel of markers can be used in the diagnosis and subclassification of renal tumors. 15, 16 This can be applied to smears, cell blocks, and other preparations from FNAs. For instance, papillary and chromophobe RCCs are generally immunoreactive for cytokeratin 7 (CK7), oncocytomas exhibit negative or focal, weak to moderate CK7 expression, and clear cell RCCs are typically negative. Also, vimentin is generally positive in clear cell and papillary RCCs and not in chromophobe RCCs and oncocytomas. Furthermore, alpha-methyl-coenzyme A racemase has been shown to strongly highlight papillary RCCs while focally and weakly staining approximately 25% of clear cell RCCs. 16 Nonetheless, distinct subtypes of RCCs can occasionally display overlapping immunoprofiles. Because cytogenetics and FISH can reveal diagnostic chromosomal abnormalities specific to certain subtypes of renal tumors, these molecular techniques can complement immunohistochemistry in the subclassification of renal tumors, especially in cases that exhibit morphologic features that overlap between different subtypes. As an illustration, Gobbo et al used FISH in conjunction with immunohistochemistry to accurately subtype RCCs with papillary architecture and comprised of tumor cells with clear cytoplasm. 17 Conventional cytogenetics and FISH have revealed characteristic chromosomal abnormalities in a variety of renal tumors (Table 3) . 6 For instance, the conventional, clear cell RCC is strongly associated with deletions on chromosome 3p, which harbors tumor suppressor gene loci including the Von Hippel-Lindau (VHL) gene.
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Loss of 3p can occur through simple interstitial or terminal deletions, loss of chromosome 3, and unbalanced translocations. 22 The papillary subtype of RCC is typically associated with trisomy/tetrasomy 7, trisomy 17, and the loss of the Y chromosome. The presence of only these abnormalities has been associated with lack of metastatic potential. 8 Additional trisomies of chromosomes 3, 12,
16, and 20 can be present, [23] [24] [25] and their presence has been associated with increased propensity for local invasion and metastasis. 8 In contrast to papillary RCCs, chromophobe RCCs are associated with low chromosome number because of specific loss of the second copy of chromosomes 1, 2, 6, 10, 13, 17, and 21. 26, 27 In this regard, the detection of multiple monosomies by FISH analysis can be helpful in accurately classifying oncocytic neoplasms on FNA, especially in cases where the distinction of chromophobe RCCs from oncocytomas is difficult because of overlapping cytomorphologic features and/or equivocal results on immunohistochemistry. From a cytogenetic standpoint, oncocytoma can be classified into 3 groups: those with loss of chromosome 1 and/or 14 and 1 sex chromosome, most often the Y chromosome; those with rearrangement of 11q13, with t(9;11) and t(5;11) among the most frequent translocations observed; and those with heterogeneous abnormalities, including both numerical and structural aberrations. 6 Finally, the Xp11.2 translocation RCC is recognized as a distinct entity in the 2004 World Health Organization classification of renal tumors. 28 The most common translocations are t(X;1)(p11.2;q21) and t(X;17)(p11.2;q25) resulting in fusions of the TFE3 gene on Xp11.2 with PRCC in 1q21 and ASPL in 17q25, respectively. 29, 30 In the studies investigating cytogenetic abnormalities in renal tumors, surgically resected material typically represented the source of tumor tissue. To our knowledge, there are no series, to date, that examined the application of cytogenetic analysis to fine-needle specimens, via karyotype analysis and/or FISH, in the diagnosis of renal neoplasms. There are only a few case reports that have addressed the application of cytogenetics/FISH techniques in material obtained from renal FNA specimens. For example, Drut et al used FISH for BCR to diagnose a renal rhabdoid tumor. 31 We report our experience in interrogating the cytogenetic profiles of renal FNAs. For the cases in which a portion of the FNA had been allocated for concurrent cytogenetic analysis, the results of the karyotypic and FISH analyses were not performed in an independent, blinded fashion. The results of cytogenetic/FISH testing were used to inform the final cytologic interpretation that was released into the electronic medical record (listed in Table 1 ). Because this study was a retrospective analysis of final cytologic interpretations, it was not possible to determine and quantify the proportion of cases where the results of cytogenetics and FISH resulted in subclassifying cases of ''RCC, NOS'' or ''suspicious for RCC.'' Obtaining a karyotype has the advantage of providing a more comprehensive view of chromosome aberrations, such as translocations and chromosomal gains and losses, compared with FISH interrogation of selected chromosomes or chromosomal regions. When the karyotype was uninformative (ie, a normal karyotype or no karyotype was obtained), we used FISH as target probes for centromeric regions of chromosomes 1, 7 and 17 can be used to detect chromosomal gains or losses allowing distinction between papillary and chromophobe RCC, respectively. During the course of this study, we did not use FISH probes to detect high-frequency deletions in 3p for the diagnosis of clear cell RCC. Beroukhim et al demonstrated that, although a variety of loci in 3p can be deleted in clear cell RCC, a significant proportion of these tumors are associated with deletions involving 3p25, which harbors the VHL gene locus. 32 Furthermore, FISH using cosmid and P1 probes that cover the VHL locus have been shown to detect most deletions in VHL in families with VHL disease. 33 Accordingly, previous reports have illustrated that in some cases, FISH using bacterial artificial chromosome or cosmid probes can detect deletions in 3p to genetically establish a diagnosis of clear cell RCC. 34, 35 In our series, karyotyping and/or FISH was successful in 44 of the 74 cases where a portion of the FNA was submitted for cytogenetic analysis. Specific, abnormal cytogenetic profiles were seen in 27 of these cases and the results were concordant with the cytomorphologic impression of the renal tumor except in 1 unusual case. In this renal FNA, the tumor consisted of papillary clusters of oncocytic epithelial cells with low-grade nuclei, and FISH analysis revealed 1 copy for the centromeric regions of chromosomes 1 and 17. Although this result was more indicative of chromophobe RCC, the cytomorphologic features of the FNA and the morphology of the tumor in the subsequent surgical resection specimen were most consistent with a papillary RCC. A negative Hale colloidal iron stain supported the diagnosis. As FISH interrogates specific chromosomes, in this case chromosomes 1, 7, and 17, the status of the remaining chromosomes were not known. Furthermore, the discrepancy in the cytogenetic and cytomorphologic findings could be reconciled in light of a recent report by Lefevre et al describing karyotype deviations of adult papillary renal cell carcinomas with oncocytic cells compared with prototypical papillary RCCs. 36 Specifically, they reported losses of chromosomes 1, 14, and/or 15 in a small number of these tumors. In summary, our findings support the feasibility of applying cytogenetics to fine-needle specimens in the diagnosis of renal tumors. On the basis of our experience, conventional karyotypic analysis and FISH can reveal specific chromosomal abnormalities characteristic of commonly encountered renal tumors, especially clear cell and papillary RCCs, as well as unexpected tumors including synovial sarcomas.
